Abstract. Incomplete release profiles of protein delivery systems can be caused by unfolding and denaturation of proteins due to protein-biomaterial interactions. This paper investigates the mechanisms causing incomplete release of the wound healing protein, Keratinocyte Growth Factor (KGF), from a hydroxyethyl(methacrylate) (HEMA) hydrogel by FTIR-ATR spectroscopy and 2D correlation spectroscopy. This work characterizes KGF secondary structure reflected in the amide I region of the FTIR-ATR spectrum, and differences between active and heat denatured KGF. These results have been used to investigate the sequence of time-dependent changes in KGF at the surface of the HEMA hydrogel during uptake and release by 2D correlation spectroscopy. KGF stays active throughout the uptake process, and the KGF loop structures interact with HEMA moieties, potentially mimicking receptor-ligand interactions. KGF denatures during release via changes in the loops and unfolding of the extended strands. Our results suggest that a high affinity interaction between the HEMA hydrogel and KGF is beneficial for efficient loading of KGF into the hydrogel, but is too strong and prevents complete KGF release due to unfolding and denaturation of KGF. This work informs future material design that will target different secondary structural elements of KGF in order to preserve its native conformation and allow for complete release.
Introduction
Secondary structural changes that occur in a protein due to its interaction with a material surface in a protein-releasing delivery device can result conformational changes, denaturation, and incomplete or inefficient release. Maintaining the native conformation of a protein at the biomaterial surface can decrease issues with denaturation, trapping of the protein at the material surface, and potential issues with aggregate formation that prevent the clinical translation of published protein delivery systems. We are specifically interested in developing a drug delivery system to expedite wound healing in chronic wounds by delivering Keratinocyte Growth Factor (KGF) which is a member of the Fibroblast Growth Factor (FGF) family of proteins.
Numerous delivery systems of FGF proteins have been developed [1] [2] [3] [4] [5] . In addition to the role of KGF in wound healing, FGF1 is of interest in diabetes treatment 6 , and FGF2 is of interest in treating bone defects 7 . However, characterization of protein conformation or activity at the material surface intended to interact with a biological matrix is rarely addressed.
Characterization studies are typically limited to bulk quantification of protein using ELISA and biological response in cellular assays. The reasons for poor biological activity of the protein delivery device are bypassed, and optimization of systems is not done. In this paper, we have used the prior FTIR characterization of the homologous FGF protein bFGF 8 to guide our characterization of the changing conformation of KGF at the surface of the HEMA hydrogel over time using 2D correlation spectroscopy. Given the close homology of proteins in the FGF family 9 , our characterization method can be applied towards other delivery systems involving FGF proteins.
Traumatic injury to the areas such as the skin, eyes, and throat can cause delays in reepithelialization. In response to traumatic injury, the epithelium initiates an autocrine intraepithelial repair process by expressing mitogenic and motogenic proteins such as keratinocyte growth factor (KGF) 10 . Results from our laboratories have shown that exogenous addition of KGF to in vitro wound models can expedite wound closure time 11 . Biomaterial-based KGF delivery is beneficial because it allows for localized, controlled, and extended delivery of protein to the wound. HEMA-based hydrogels are adhesive porous networks that are able to swell up in the presence of water and act as tissue scaffolds 12 .
KGF binds the KGF-receptor, which is a specific cell surface signal transducing receptor from the tyrosine kinase family. KGF binding to the KGF receptor requires KGF to first bind heparin 13 . KGF released by our HEMA hydrogel system would bind cell surface KGF receptors of epithelial cells in a wound, leading to cell division and migration of more cells, which would decrease the time required in the wound healing process. KGF must be released from the hydrogel and remain in its native confirmation to bind KGF receptors. In this study we are specifically interested in monitoring the conformation of KGF within first few microns of the hydrogel surface that has the potential to interact with epithelium in an in vivo context. FTIR-ATR spectroscopy allows for the study of conformational changes in proteins that occur at the surface of the biomaterials.
Secondary structural changes in proteins can be studied by monitoring changes in the amide I region (1600-1700 cm -1 ). The amide I region consists of many overlapping bands that correspond to distinct secondary structures 14 . FTIR-ATR studies of protein conformation and activity at biomaterial interfaces have been done for over 40 years, however recent advancements in resolution enhancement techniques in the past 30 years have greatly increased the amount of information regarding protein structure that can be extracted from the FTIR spectrum [14] [15] [16] [17] .
Fourier self-deconvolution of FTIR spectra consists of transforming a region of interest back to its interferogram stage, correcting for exponential decay in the corresponding Lorentzian cosine waves that are revealed, and applying the Fourier transformation to convert the spectrum back to the frequency domain, thereby recreating the original spectrum but now with significantly narrowed bandwidths. Component bands that are now revealed by Fourier self-deconvolution can then be curve fitted by selecting prominent peaks and assuming a Lorentzian curve shape 18 . Work by Byler and Susi has shown that the fractional area of the curves created by curve fitting corresponds to the percent of the corresponding secondary structure in the protein as shown by x-ray crystallography 19 . Therefore, this analysis can be used to characterize dynamic changes that occur in protein secondary structure under different conditions. For example, the changes in secondary structure between active and heatdenatured protein can be identified. Spectral characteristics of active and denatured protein can then be monitored for in the ATR spectra of proteins at interfaces [14] [15] [16] [17] .
While Fourier self-deconvolution and curve fitting offer solutions to identifying secondary structural changes, complete resolution of the contributions of overlapping bands in the amide I region is not always possible. Furthermore, tracking the sequence of dynamic changes due to external perturbations is not always possible. 2D correlation spectroscopy has emerged recently as a technique to address these issues [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . 2D correlation spectroscopy results in dynamic representations of spectra collected in response to an external perturbation such as temperature, concentration, time, etc. These representations determine the sequence of changes that occur in the overlapping bands in a region of interest. Recently, several different groups have used 2D correlation spectroscopy to characterize structural changes that occur in proteins over time, or as a function of changing concentration, during adsorption to a biomaterial 24, 31, 32 . Knowledge of regions of the protein from crystallographic data likely to interact with the biomaterial surface have guided interpretation of the 2D correlation results.
This work utilizes Fourier self-deconvolution, curve fitting, 2D correlation spectroscopy, and crystallographic information to identify the structural changes that occur in KGF over time at the HEMA hydrogel surface that lead to incomplete release. Our work is the first in the literature, to the best of our knowledge, to report a mechanism for protein denaturation at a biomaterial surface using 2D correlation spectroscopy. We have shown that incomplete release is due to denaturation of KGF at the HEMA surface, and have defined the structural elements of KGF being disrupted; the loops being most important. Our results will guide us in future second-generation hydrogel designs, which will be focused on controlling material-protein interactions in a way which avoids the disruption of structural elements required for activity and correct folding. FTIR-ATR monitoring of Uptake and Release -The FTIR-ATR spectra of KGF at the HEMA surface were collected using hydrated hydrogels that had been incubated in KGF solutions for different amount of times during the uptake and release process.
Experimental

2D Correlation Spectroscopy -Correlation analysis of the amide I region was done by cutting
out the 1600-1685 cm -1 region of the FTIR-ATR spectra, setting a fixed baseline for all spectra, calculating the Fourier self-deconvoluted spectrum, and correcting all spectra for concentration by dividing by the area under the curve. Processed spectra were then inputted in the 2Dshige version 1.3 (Shigeaki Morita, Kwansei-Gaukuin University, [2004] [2005] where the reference spectrum was the average of all collected spectra, and correlation heat maps were produced in color.
Results and Discussion
Section 1. KGF Secondary Structural Elements in FTIR-ATR spectra
KGF secondary structural elements were assigned in the amide I region (1600-1700 cm 
Section 1a. FTIR Spectrum of KGF
The amide I region (1600-1700 cm . Peak assignments of bFGF were used to guide KGF peak assignments ( Figure 1 ) due to similarities in the FTIR spectra (Table 1) , sequence similarities (Supplementary Figure 1) , and structural similarities reported from crystallographic data 33 . Crystallographic data reported in the PDB was collected using a ∆23 mutant due to its stability 34 . The first 14 of the 23 residues are a loop structure. Our studies have been done with the full length construct. Lorentzian curve fitting of the amide I region of KGF in aqueous solution showed total contributions of secondary structural elements to be consistent with the DSSP (database of secondary structure assignments) entry for KGF in the PDB 34, 35 . Curve fitting revealed that the contribution from extended strands and reverse turns was 72.8% of the area under the amide I region, while 9.4% was irregular/disordered and 1.4% was loop structures ( Figure 3 , Table 2 ).
The DSSP (database of secondary structure assignments, of the ∆23 mutant) showed that 33% of the crystal structure is extended strands, 23% is reverse turns, 38% is irregular/disordered or unassigned, and 2% is loop structures (Supplementary Figure 2) . Discrepancies can be explained by the sixth disordered extended strand of KGF that appears in the region containing the extended strands and reverse turns in the FTIR spectrum resulting in an increase in the extended strand/reverse turn contribution.
The 3/10 helix that is 2% of the structure as indicated in the DSSP is a motif similar to an alpha helix and is part of the heparin-binding loop (amino acids 122-129), and previous work on bFGF indicated that alpha helix-type structures appear where loops appear in the amide I region 8 . It is important to note that the KGF construct deposited in the PDB is a ∆23 mutant, while our work has been done with the full length protein. The first 14 residues of the full length protein also form a loop. The region between 1651 and 1660 cm -1 likely represents both this loop and the receptor binding loop, as this is seen in the FTIR spectrum of bFGF 8 . In addition to the receptor binding loop, residues 24-30 are also involved in heparin binding 34, 35 . Contributions of the extended strands and reverse turns, as well as those from the two different loops were not resolvable during curve fitting as previously published in the spectrum of bFGF. However the enhancement of the overlapping bands that allows resolution of the individual contributions is likely because the spectra were run in D2O. In this study, we avoided the use of D2O in order to be able to apply the information from the characterization of KGF in aqueous solution to tracking structural changes of KGF at the surface of the hydrated HEMA hydrogel. ) occur upon heat denaturation ( Figure 4 , Table 3 ). Additionally, an overall change in peak shape resulting from a change in the relative intensities of the 1634 and 1644 cm -1 occurs. We have identified this change in peak shape as indicative of denaturation. This irreversible binding of KGF is likely leading to changes in secondary structure that may lead to denaturation of KGF at the HEMA surface. In an effort to design a drug delivery system that both (1) maximizes the percent of KGF released and (2) 
Section 3. KGF Structural Changes Revealed by 2D Correlation Spectroscopy 3a. Overview of 2D Correlation Analysis
Fluorescence data of KGF uptake and release in the HEMA hydrogels indicates that KGF is likely getting trapped in or at the surface of the hydrogel network during the release process. This trapping of KGF results in an incomplete release profile, and is potentially causing the denaturation of KGF due to interactions with the HEMA hydrogel network. 2D correlation analysis of FTIR-ATR spectra collected over time during the uptake and release process has been used to determine the changes that are occurring in the secondary structure of unlabeled KGF at the surface of the HEMA hydrogel and whether KGF is active or denatured
(1) as it is being taken up into the hydrogel and (2) as it is being released from the hydrogel. 2D correlation analysis has also revealed the sequence of changes in secondary structural motifs that lead to eventual denaturation of KGF during the release process which we predict is causing incomplete release of KGF from the hydrogel. The synchronous 2D correlation spectrum depicts the correlation of simultaneous variation in spectral intensities that have been measured at two different wavenumbers ν1 and ν2. Peaks on the diagonal correspond to the autocorrelation function of variations in spectral intensity, and off-diagonal cross peaks represent the simultaneous variation in the two wavenumbers. A positive value on the correlation spectrum indicates that the spectral intensities at the two wavenumbers increase or decrease in the same direction, while a negative value indicates that one is increasing while the other is decreasing 31 .
The asynchronous 2D correlation spectrum depicts the correlation of sequential variation in spectral intensities that have been measured at two different wavenumbers ν1 and ν2, and represents the dissimilarity of variations in spectral intensity. When a large value is observed, it
indicates that the spectral intensities at the two wavenumbers vary independently. Independent variation in spectral intensities indicate that the signals originate from distinct moieties that respond differently to the external perturbation that has been applied 31 .
The sign of cross peaks derived from the synchronous and asynchronous 2D correlation spectra can determine the sequential order of variations that occur in the spectral intensities.
When the values at (ν1,ν2) (1) have the same sign it indicates that changes in ν1 occurred before ν2, (2) are different it indicates that changes in ν2 occurred before ν1, and (3) if there is no cross peak in the asynchronous spectrum it indicates that changes in ν1 and ν2 occurred simultaneously 31 .
3b. KGF Structural Regions of Interest
It is important to note that KGF has several solvent exposed regions that are likely to be involved in interactions with the HEMA hydrogel. In Figure 6A , the extended strands (orange), reverse turns (red), disordered regions (blue), and receptor binding loop (pink) have been labeled. The reverse turns, loop, and disordered regions are solvent exposed, while the extended strands comprise of a tightly knit hydrophobic core 33 . Figure 6B shows the structure of heparin which KGF binds with its receptor binding loop. Heparin is comprised of carboxylic acid, sulfonic acid, hydroxyl, and sulfonamide groups. Figure 6C shows the structure of HEMA.
The presence of hydroxyl groups in HEMA make hydrogen bonding with KGF likely to occur in a way that is similar to the heparin-KGF interaction. 
3c. 2D Correlation Spectroscopy of KGF structural changes over time during uptake into the hydrogel
Values of cross peaks from the synchronous and asynchronous correlation maps in Supplementary Table 1 were used to determine the sequence of structural changes that occurred in KGF upon uptake. Visual inspection of the raw spectra of KGF at the HEMA surface (Supplementary Figure 3) and comparison to the active and heat denatured spectra of KGF obtained in Section 1 indicates that KGF remains active throughout the uptake process due to the ~1:1 peak intensities at 1634 and 1644 cm -1 . Therefore, the results of this 2D correlation analysis reveal a sequence of changes in KGF secondary structure that allow KGF to remain active. A systematic increase in protein surface concentration depicted by increases in the area of the amide I region is typically seen in experiments involving measurements of protein adsorption on material surfaces 15, 16, 32 . However, this is likely not observed here due to the occurrence of both adsorption at the HEMA surface and diffusion into the porous network which would not cause a homogenous increase in protein monolayers at the surface 16 .
The reference spectrum for uptake over time shows five weak maxima at 1634, 1645, 1653, 1660, and 1668 cm -1 (reference spectrum is labeled on top of correlation map). The lack of white regions on the synchronous correlation map indicate that the changes in these moieties are highly correlated ( Figure 7) . The cross peaks reveal the sequence to be: The values of the cross peaks from the synchronous and asynchronous correlation maps determine a sequence of changes that are therefore a mechanism leading to KGF denaturation (Supplementary Table 2) . Furthermore, this result shows that KGF remains (1) , confirming the mechanism determined by analysis of cross peaks ( Figure 10 ). Similar to the mechanism occurring during uptake, the changes in KGF secondary structure during release also starts with involvement of the loops. The interactions between HEMA moieties and the loop are therefore both implicated in the adsorption and diffusion of KGF onto the hydrogel and into its porous network, but are also a key interaction leading to denaturation. However, the extended strands appear to be more involved in the process of KGF becoming denatured. Therefore, a high affinity interaction between HEMA and KGF is beneficial during uptake because it allows for a high loading of KGF into the hydrogel, but starts a cascade of events occurring while KGF is in or at the surface of the hydrogel that lead to unfolding and denaturation. This suggests that the extended strands may be unfolding over time in a more extensive interaction with HEMA than during uptake, which leads to trapping of KGF at the HEMA surface over time. It is likely that extensive hydrogen bonding between the hydroxyl bonds of HEMA and the extended strands lead to this unfolding. 
Conclusions
To summarize our results, 2D correlation analysis has provided us with the sequence of secondary structural changes that occur over time during the uptake and release process. Prior characterization of the bFGF FTIR spectrum guided our assignment of peaks to corresponding secondary structures in the KGF FTIR spectrum. The identification of differences between the spectra of active and heat denatured KGF allowed us to determine that KGF remains active as it is taken up into the hydrogel but denatures over time during release. The interactions between HEMA moieties and the loops appear to be a driving force for (1) uptake of KGF into the hydrogel and (2) unfolding of the extended strands and reverse turns during release that lead to denaturation. Solvent exposed structures in KGF interact with HEMA prior to the buried extended strands during uptake while the extended strands play a larger role in release. This distinguishes the uptake and release mechanisms, and is likely the reason that KGF retains its activity during the uptake process and does not unfold, but denatures during release. Given the involvement of the loops as a potential driving force for KGF denaturation, the evaluation of second generation hydrogels will focus on those that interact with secondary structures of KGF not involved in receptor binding. This is the subject of our follow-up paper, where we have investigated the role of the surface chemistry of second generation hydrogels on KGF conformation and orientation by FTIR-ATR and time-of-flight secondary ion mass spectrometry (ToF-SIMS) 38 . While the KGF-HEMA interaction is beneficial in the uptake process, it is likely that it is a high affinity interaction that hinders the release process because the biomaterial-protein interaction appears to act as an inhibitor of KGF activity. Confirmation of this hypothesis is the subject of future in vitro heparin binding assays that will test the ability of HEMA-loaded KGF to bind heparin.
The characterization and study of a complex growth factor at a biomaterial interface by comparison to the existing FTIR characterization of a homologous growth factor opens up opportunities in the characterization of other systems targeting the delivery of the FGF family of proteins. The characterization done in these systems is usually limited to bulk quantification of protein using ELISA, bulk biological response in in vivo systems, or is nonexistent completely [1] [2] [3] [4] [5] .
Our work here has outlined a set of FTIR experiments that can be easily done to (1) 
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